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Abstract — In this paper a new fuzzy based approach for 
improving network coverage in wireless mobile sensor 
networks is proposed. In the proposed approach firstly 
each mobile sensor node determines its neighbors and its 
distance from borders and obstacles. According to these 
values, fuzzy inference engine calculates the priority of 
node for movement. Then according to the priority, in 
turn, nodes move away from each other to increase 
coverage area in the target field. Simulation results show 
that our fuzzy approach can reach higher degree of 
coverage against other common approaches like FOA, 
VEC and TRI algorithms. 

Index Terms — Mobile Sensor Network, Coverage, Fuzzy 
Priority, Movement 

I. Introduction 

Advances in Micro Electro Mechanical Systems 
(MEMS), embedded processors and wireless 
communications have enabled the expansion of multi- 
functional, low-cost and tiny sensor nodes which can 
sense the environment, perform data processing and 
communicate with each other over short distances. 
Wireless sensor networks (WSNs) are playing an 
increasingly significant role in a wide range of 
applications such as environmental conditions 
monitoring, wildlife monitoring, security surveillance 
in military and battle-fields, nuclear, smart homes and 
offices, improved medical treatment, industrial 
diagnosis, etc. The concept of area coverage can be 
considered as a measure of the quality of service (QoS) 
in a wireless sensor network. Random deployment of 
nodes often does not guarantee full coverage, resulting 
in accumulation of nodes at certain parts of the sensing 
field while leaving other parts deprived of nodes. Some 
of the deployment strategies take advantage of mobility 
to relocate nodes to sparsely covered regions after an 
initial random deployment to improve coverage. Thus 
as a solution, mobile sensor networks (MSNs) can be 
used for network coverage improvements. 

In this paper, a novel algorithm for placement of 
mobile sensors is designed. The main result of this 
paper is as follows: 

A Fuzzy logic method is described to find the 
movement priority for mobile sensors and a distributed 
fault tolerant, self deployment and iterative algorithm 
to cover an area. Mobile sensors only need to have 
knowledge of their location and with the assistance of 
local communication they will act in a completely 
distributed fashion. To demonstrate the generality and 



effectiveness of this algorithm, our algorithm is 
compared with FOA [1], TRI [2] and VEC [3] 
algorithms. Comparison will show that our algorithm 
exhibit better performance. 

This paper is organized as follows: In section II, an 
overview on related approaches is presented. Section 
III consists of problem setup and an overview and 
analysis of effective parameters on the position of 
mobile sensors. How to fuzzy reasoning and proposed 
method have been describe in section IV and the results 
of performance evaluation of our method, FOA, VEC 
and TRI algorithms have been presented in section V. 
Finally the paper has been concluded in section VI. 

II. Related Approaches 

Dealing with coverage problem, researchers have 
proposed numerous solutions. Some algorithms are 
based on the notion of potential field [4], [5], [6] and 
virtual forces [7], [8] after an initial random deployment. 

The next three distributed self deployment 
algorithms proposed in [3] known as the VEC, VOR, 
and Minimax are based on the structure of Voronoi 
diagram in which nodes are relocated to fill up 
coverage holes. 

The vector-based algorithm, VEC, pushes nodes 
away from densely covered areas to sparsely covered 
areas. Two nodes exert a repulsive force when they are 
too close to each other. VOR is a greedy strategy that 
pulls nodes towards the locations of their local 
maximum coverage holes. The MiniMax algorithm is 
very similar to VOR; it moves a node inside its 
Voronoi polygon, such that, the distance from its 
farthest Voronoi vertex is minimized. In [9] and [10], 
an incremental and greedy self-deployment algorithm is 
presented for mobile sensor networks in which nodes 
are deployed one at a time into an unknown 
environment. Each node makes use of the information 
gathered by previously deployed nodes to determine its 
optimal deployment location. Conceptually, it is similar 
to the frontier-based approach [11]; however, in this 
case, occupancy maps are built from live sensory data 
and are analyzed to find frontiers between the free 
space and the unknown space. 

The TRI algorithm is proposed in [2]. The basic idea 
of TRI algorithm is to adjust the distance between two 
Delaunay neighbors to V^i?^ • After several rounds 
of such adjustments, the layout of the network will be 



45 



©2010 ACEEE 
DOI: 01.ijns.01.02.09 



4?ACEEE 



ACEEE International Journal on Network Security, Vol 1, No. 2, July 2010 



close to the ideal equilateral triangle layout. As a result, 
the coverage area of the network will be maximized. 

The ATRI algorithm [2] is offered in order to reduce 
the back- and- forth movement of nodes. 

The algorithms described in previous apply to 
networks where all the nodes are capable of moving 
around. However, there is a high cost associated to 
make each node mobile; a balance can be achieved by 
using a combination of static and mobile nodes, usually 
referred to as hybrid sensor networks, while still 
ensuring sufficient coverage. In [12], such a protocol is 
described, called the bidding protocol, where the 
problem is reduced to the well-known NP-hard set- 
covering problem.In [1] a Fuzzy Optimization 
Algorithm (FOA) is proposed to deploy sensors 
efficiently. Authors use the number of neighbors and 
average Euclidean distance between sensors as inputs 
of the proposed Fuzzy reasoning engine algorithm and 
get a distance measure as output. In proposed algorithm 
each sensor calculates the forces imposed by the other 
sensors within its communication range. Then by 
applying Coulomb's law and accumulating the vectors 
of all the forces, the sensor can calculate the magnitude 
and the angle of its next movement vector in order to 
move toward the new next location. 

III. Problem Setup and Effective Components 

Before describing proposed method, it is necessary 
to describe some related concepts and effective 
components on the position of a mobile sensor in a 
target field. In proposed method, effects of these 
components have been collected. 

A. Preliminaries 

Two-dimensional deployment: It is assumed that all 
devices are located in two dimensions plan. 
Location awareness: Knowing the location of sensor 
nodes is important for our algorithm. Many techniques 
have been proposed to supply this information for 
mobile sensors [13], [14]. 

Boundary and Obstacle detecting: It is assumed that 
each sensor node is equipped with an ultrasonic 
obstacle detecting module which makes it possible to 
detect boundaries when it moves close enough to it. 
Sensing model: Each sensor node in our algorithm is 
associated with a sensing area which is represented by 
a circle with the same Sensing Radius. This Circular 
area is called Sensing Range and depends on several 
factors in the network [15]. A sensor node can detect 
all the events in its Sensing Range. The areas which are 
not covered by these circles are called coverage holes. 
Radio range: Apart from Sensing Range, each sensor 
has a Communication Range which is much longer than 
Sensing Range. When a node broadcasts a message, all 
the sensor nodes in its Communication 
Range will receive this message. 



Sensor equipment: Each mobile sensor is equipped with 
a battery that provides sufficient power to move and 
exchange information with other sensors. There is also 
a memory in each sensor which used to preserve 
require information of network elements. 

B. Effect of Adjacent Nodes 

Cellular networks are a good example of an 
engineering task for supporting and presenting good 
quality of coverage in network. Due to easier 
calculations, in these networks, engineers have used 
hexagonal shapes for each cell. It has been proven [2] 
that in ideal layout, the sensors are located in vertices 
of equilateral Delaunay triangles [16] with edge length 
of V3R 3&[ • By this layout, the coverage area of 
nodes will be maximized with the minimum coverage 
overlap. 

Using this value as a standard distance between 
neighbor nodes, if the distance between two nodes 
becomes shorter than this distance, the virtual force 
between them will push them to move away from each 
other. 

C. Effect of Borders and Obstacles 

Coverage in the presence of obstacles is a 
challenging problem. In order to make the deployment 
algorithm more practical, the sensors must be able to 
avoid obstacles and boundaries. Because an accurate 
map of the sensing area may not always be available 
before the deployment, it is assumed that each sensor is 
equipped with an ultrasonic obstacle-detecting module, 
which makes it possible to detect obstacles when it 
moves close enough to the obstacles. In order to avoid 
the coverage gap or overlap between nodes and 
boundaries, intuitively, the optimum distance between 
adjacent nodes and boundaries should be shorter than 

V3R„. 




Figure 1. The effect of adjacent nodes causes a Pi^fi 1 distance 

between them. 
In Fig. 1, if the dashed line between two cells is 
considered as a boundary, the distance between the 
node and the boundary should be set -v'3/2R 3E[ , but 
using this approach will make some uncovered 
triangular holes beside the boundary. In order to avoid 
the coverage gap, as shown in Fig. 2, the point P must 
touch the boundary. By preliminary mathematics in 
geometry, an effective distance between boundaries or 
obstacles and mobile sensor nodes can be calculated. 
As mentioned in section B, the distance of two adjacent 
mobile sensor nodes has to be adjusted to V3R 3&[ . 
Thus, the distance between a node and a boundary must 
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to be adjusted to Ramlehi instead of (-\'3/2R 3 
shown in below calculation. 



T as 



EffectiwDist = Jr^* ~ \-Y^fJ\ = ^p -1 




Figure 2. The effect of a border or obstacle on a node causes a 
Figure 1 . distance between them. 

D. Effect of Corners 

A corner is the junction of at least two different 
boundaries. Thereby the proposed effective distance 
that has been calculated in section C, is not efficient 
here. For achieving a full coverage at corners, sensor 
must become close enough to the furthest point at the 
corner. Therefore mobile sensor node must stand at 
distance R 3&[ from the furthest point of corner. This 
value does not affected by different angels of corners. 
In the case of multiple corners, sensor will move 
toward the farthest vertex of corners and stop when the 
farthest corner vertex can be seen within the sensing 
radius of mobile node. 
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Figure 3. The effect of a corner on a node causes a FiEur=distance 
from farthest vertex of corner. 

IV. Proposed Fuzzy based Approach 

Fuzzy reasoning tries to continue the way of natural 
reasoning of human. It can present more smooth results 
than common proposed methods in reasoning. How to 
use fuzzy reasoning in a manner to make decision 
procedures for deployment of mobile sensor nodes in a 
target field is described in this section. 

A. Fuzzy Based Priority Coverage Algorithm (FBPC) 

Proposed method consists of two phases: First 
gathering information of neighbors and determining the 
priority of mobile sensor node to move and second 
calculating movement vector. At the first phase, the 
nodes try to find other mobile sensor nodes within their 
communication range and also detect boundaries and 
obstacles and the distance from them. 

After being activated, each node waits for a random 
time and then broadcasts a HELLO message including 
its position in the target area. The sensors which are in 



the communication range of that node will get this 
message and will wait for a specific time (T wait ) to 
receive all possible HELLO messages from the 
network. In this interval time, nodes will start to update 
their Neighboring Matrix that is consists of gathered 
information from other mobile nodes around it. The 
mobile nodes which have some changes in their 
neighboring matrix will broadcast their information as 
a new HELLO message and will set a counter 

T thrtsb ( ^threshold ^< T u)- If within T thrt3h no 
new HELLO message is received, the node starts to use 
fuzzy controller to define its priority for movement. 

The proposed fuzzy controller has two inputs: 

• Number of mobile nodes in the sensing range of 
the node 

• Length of Sensing Shadow on boundaries or 
obstacles. 

Definition 7. In a two-dimensional mode, sensing 
shadow is the length of boundary which is inside the 
sensing range of the sensor node. 
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Figure 4. A schematic of sensing shadow. 

Sensing shadow can be calculated in the same way 
of equation (1) and its value is between [0 — 2R 3tD: . 
If the distance between mobile node and boundary or 
obstacle is greater than or equal to R 3ei , the sensing 
shadow will be zero and if mobile node sticks to the 
boundary or obstacle, the sensing shadow will be 

2R 3EI . This parameter is used to define the priority of 
standing in place for mobile sensor nodes. The nodes 
with minimum distance from borders or obstacles have 
highest priority for standing and should move after 
their adjacent nodes. 

The maximum number of hexagonal neighbor cells 
is six; therefore in the proposed algorithm it is assumed 
that more than six neighbors is the worst case for initial 
deployment. So the number of neighbors is limited to 
ten as an upper bound for our controller so the 
controller will omit other extra neighbors 
automatically. In order to normalizing the value of 
sensing shadow into [0-1], it is divided by 2R 3t[ . 

The linguistic variables to represent the number of 
mobile nodes in the sensing range of the node are 
divided into three levels: high, average and low; and 
those to represent the Length of Sensing Shadow are 
also divided into three levels: high, average and low. 
The consequent is divided into five levels: very high, 
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high, average, very low and low. Table 1 summaries the 
rules and consequents. 

One example of rules is as follows: 

IF the number of mobile nodes in the sensing range 
of sensor i is high and length of Sensing Shadow of 
sensor i on boundaries or obstacles is low, THEN the 
standing priority result of sensor i will be very high. 



Table 1. 

^ule base of the proposed fuzzy standing priority 

controller 




Priority 
Controller Rules 




Neighbor Number 


Low 




Average 


High 




Low 

Averag 
e 

High 










Sensi 

ng 
Shad 

ow 


High 

Low 

Very 
Low 




Very 
High 

Average 
Low 


Very High 
High 
High 



Fig. 5 shows input and output membership functions 
of our proposed fuzzy controller. The nodes with 
lowest standing priority must move first in a group of 
adjacent mobile sensor networks. 




a. Neighbor Number membership function 




a. a o.9 



b. Sensing shadow membership function 




c. Priority membership function 

Figure 5. Membership functions of the proposed Fuzzy Priority 
controller. 



of its neighbor nodes, boundaries, obstacles and 
corners. In our model, each node Si is subjected to three 
kinds of forces: (1) an attractive or repulsive force Fij , 
by another node Sj depending on its distance and 
orientation from Si, (2) a repulsive force Fi b, exerted by 
obstacles or boundaries, and (3) a repulsive force Fi c , 
exerted by corners. The net force on a sensor Si is the 
vector sum of all the above forces. Table 2 summaries 
these three types of forces. 

After calculating movement vector and defining 
destination, the node will send a GOODBYE packet 
that consists of the new calculated position of mobile 
node. Then lowest priority mobile node runs into the 
new position. Other nodes will update their neighboring 
matrix information after receiving GOODBYE packet 
and use this updated version in their calculation to find 
their final position. 

After moving all nodes, this algorithm will be 

repeated again until nodes have not any changes in 

their positions. Algorithm 1 shows a pseudo code of the 

proposed Fuzzy Based Priority Coverage (FBPC) 

algorithm. 

FBPC () 

{ 
while 

{ 

Stand for a random time t 
Broadcast a HELLO packet 

Stand for T wa i t to receive all possible HELLO 
packets 

Update Neighboring matrix 

If there are some changes in Neighboring matrix 



10 
11 
12 

13 
14 
15 

16 

17 
18 
19 
20 
21 
22: 
23: 
24 
25: 
26 
27 
28 
29 
30 
31 
32. 



{ 
Broadcast a HELLO packet. 

Stand for Threshold 

If within Tthreshow some new HELLO message 
is received 
go to line 8 

} 

If there are not any changes in the position of 
node and its adjacent nodes 

break; 
Calculate Sensing Shadow 
Determine movement turning according to the 
standing priority of node using Fuzzy priority 
controller 

Stand until receiving movement turning of the 
nodes and update the Neighboring matrix 
according to the 
information of the receiving GOODB YE packets 

Calculate MOVEMENT VECTOR according to 
the Neighboring matrix 

Broadcast GOODBYE packet and travel to the 
new position in target field 



At this stage, there is no need for nodes to rebroadcast 
information of their priorities, because each mobile 
sensor can easily calculate the priority of its neighbors. 
At the second phase, each node with minimum standing 
priority can move before other nodes. So sensor will 
calculate its MOVEMENT VECTOR based on forces 
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Table 2. 
Types of forces each node encounters 





Force 


Related 
Standard 
Distance 






Fy=Standard Distance between nodes 

-d(Si,Sj) 


V3R j::u: 


F iB =Standard Distance from boundary 
-d(si,boundary) 


R™/2 


Fic=Standard Distance from corner- 
d(Si,boundary) 


frj=:u: 



simulation round: total coverage, average moving 
distance and average number of rounds. Fig. 6 shows 
the total coverage of three algorithms as the number of 
sensors increases. 



A Robust Algorithm 

In some situations, a sensor may calculate a new 
position; but when it wants to move, because of some 
environmental conditions like holes, dead-end paths, 
etc; it could not reach destination target position. In 
such conditions FBPC algorithm is robust; because if 
one of the nodes cannot move to its final position, in 
the next round of algorithm, it can contribute in new 
making decision routine according to the information 
of its new position, not previous announced 
information. Therefore, FBPC is a fault tolerant 
algorithm that can tolerate probable mistakes and can 
correct its behavior in further rounds. Even if there are 
some errors in collecting local messages via network, 
FBPC can recover its action in consequent rounds. 

V. Performance Evaluation 

A. Objectives and Metrics 

Our deployment protocols have been implemented in 
Matlab (version R2008a). Our objective in conducting 
this evaluation study is: by comparing FOA, TRI, VEC 
and our algorithm giving some insight on choosing 
suitable algorithm in different situations. 

The simulations are run under different sensor 
densities, which determines the sensor coverage that 
can be reached and the difficulty to reach it. In a 100 m 
x 1 00 m target field, five different numbers of sensors 
have been distributed, ranging from 60 to 140 in 
increment of 20 sensors. The initial deployment of 
proposed algorithm, FOA and also VEC algorithm 
follow the random distribution, however in TRI, 
according to [2], at the beginning of the experiment, 
sensors are randomly placed within a lm x lm 

compact square, which is centered at point (50m, 50m). 
Then the nodes explode to a large evenly deployed 
layout. To evaluate each metric under different 
parameter setting, 5 experiments based on different 
initial distribution are run and the average results are 
beening calculated. The Sensing Range is set to be 6 
meters and 20 meters as the Communication Range. 

B. Simulation Results 

In order to evaluate the performance and cost of the 
three algorithms, three metrics are measured for each 




Figure 6. Total coverage 

From the figure, it can be seen that the FBPC 
algorithm prepares the best total coverage. The primary 
reason is that unlike other algorithms, FBPC 
paysattention to obstacles and boundaries and keeps 
distance from them in order not to waste its sensing 
range. 

Also, it can be seen that in sparse conditions, VEC 
algorithm stands in the second place, but in dense 
conditions, VEC is replaced by FOA. 
Another dimension of evaluation is the average moving 
distance. As depicted in Fig. 7, TRI algorithm performs 
the worst in average moving distance among FBPC, 
FOA, and VEC, Because in TRI mobile nodes are 
located in a unique point in target field and after 
calculating their accurate positions, they will move. 
Thus they must move more. 

After TRI, FBPC algorithm has the bigger average 
moving distance. This happens because it tries to do a 
fast deployment and reach to a high level of coverage. 
Also in FBPC, nodes move away from borders and 
obstacles. Results of VEC and FOA can be compared 
with their coverage values. More coverage needs more 
moving distance. 




Figure 7. Average moving distance 

The number of rounds in FOA algorithm is high. 
Although some of the authors disregard the effect of 
message complexity in increasing energy consumption, 
this cannot be ignored by increase in number of rounds. 
Calculated from Robomote [17], [3], approximately, to 
move a sensor one meter consumes a similar amount of 
energy as transmitting 300 messages. Assume that in 
each round each sensor transmits one packet for a 
network with 100 sensors, by running the FOA 
algorithm after each 3 rounds and 30 rounds, the 
movement distance of nodes will be increased lm and 
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10m, respectively. Moreover it is assumed that all 
packets can be transmitted without any error. 

Random distribution of sensors occurs in urgent 
cases or for some special application. In such an urgent 
situation, the fast deployment of the sensors is in the 
first priority. In this case the performance of the FOA 
algorithm is not applicable at all, whereas FBPC 
algorithm presents better coverage with fast reaction. 

Fig. 8 shows the result of average number of rounds 
in algorithms. 




Figure 8. Average number of rounds 

As it can be seen, FBPC and VEC achieve quite 
similar number of rounds and they can deploy very 
fast. As this figure shows, FOA algorithm has the worst 
performance. 

Selecting the random intervals for waiting in FBPC 
algorithm in order to decrease the number of collision 
during the packet transformation, not only decreases 
the effect of not arriving a packet to the destination but 
also the next following packets can cover the effect of 
this error. While other existence algorithms act poorly 
and don't pay much attention in sending the messages 
and exchanging information. 

VI. Conclusion and Feature Works 

In this paper, a new fault tolerant deployment fuzzy 
based algorithm is proposed for unattended mobile 
sensor networks, called, the Fuzzy Based Priority 
Coverage (FBPC) algorithm. Algorithm is run in a 
completely distributed fashion by each node based only 
on local communications. Proposed method uses 
number of neighbors and distance from borders and 
obstacles as inputs of a fuzzy inference engine. The 
output is the actual priority of movement for sensor 
node. Nodes move away according to their priorities. 
Simulation results show that proposed method received 
a very good coverage comparing other common 
approaches, especially in the sparse networks. 

For future works, we consider to improve the ability 
of our algorithm in sparse networks. Improving 
network coverage in sparse conditions will result in 
reducing overall cost of network. 
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